ABSTRACT: Measurements of the spectrum of extracellular enzymes present in an environment can indicate the nature of organic substrates available to microorganisms. We report the activities in an Arctic fjord (Smeerenburgfjord, Svalbard) of the extracellular carbohydrate hydrolases α-galactosidase, β-glucosidase, and chitobiase, and the extracellular peptidases leucyl aminopeptidase, trypsin, and chymotrypsin. Among the carbohydrate hydrolases, β-glucosidase had the highest potential activity. Although extracellular leucyl aminopeptidase is frequently assayed in marine systems, activities of other peptidases have only rarely been reported. Peptidase activities were higher than carbohydrate hydrolase activities by approximately 2 orders of magnitude. Activities of leucyl aminopeptidase (an exopeptidase which cleaves terminal residues from a protein) were higher than trypsin and chymotrypsin (both endopeptidases which cleave interior bonds). In contrast to previous measurements from coastal, temperate environments, potential activity of leucyl aminopeptidase in Smeerenburg was higher than that of the endopeptidases trypsin and of chymotrypsin. These results suggest that leucyl aminopeptidase may not always be a reliable proxy for the total peptidolytic potential of microbial communities.
INTRODUCTION
Heterotrophic microorganisms must use extracellular enzymes to hydrolyze macromolecules outside of the cell prior to uptake, because only small molecules (<~600 Da) can be transported across the cell membrane by general uptake porins (Benz & Bauer 1988) . The types and rates of enzyme activities in an environment may therefore serve as an indicator of the macromolecules potentially available to the microbial community (Sinsabaugh et al. 2009 ).
We investigated the activities of 6 classes of extracellular enzymes hydrolyzing peptides and carbohydrates in the surface and bottom waters of an Arctic fjord: Smeerenburgfjord, Svalbard. We assayed potential activities of 3 classes of peptidases (leucyl aminopeptidase, an exopeptidase preferentially hy dro lyzing terminal leucine residues; trypsin and chymotrypsin, 2 endopeptidases which hydrolyze internal peptide bonds) as well as 3 exo-acting carbohydrate hydrolases (α-galactosidase, β-glucosidase, and chitobiase, each of which hydrolyze terminal sugars). Bacterial production (by the leucine incorporation method) and cell abundance were also measured.
Based on previous investigations documenting significant differences in activities of a suite of closely related polysaccharide hydrolases in temperate and in Arctic pelagic environments (Arnosti et al. 2005 , Teske et al. 2011 , we sought to investigate whether patterns of peptidase activity in Arctic waters also differ from those in temperate locations.
Peptidase activity in seawater is most frequently measured using a single substrate analog, L-leucine-7-amido-4-methylcoumarin (leu-MCA). Leu-MCA re ports the activity of leucyl aminopeptidase (Enzyme Commission [EC] no. 3.4.11.1). Leucyl aminopeptidase, however, represents only a small fraction of the total diversity of peptidases, which include 6 major families, each of which has a different active site and mechanism (Dixon & Webb 1979) . Several studies have used fluorescently labeled peptides and chromatographic separation of hydrolysis products to demonstrate that the position of specific residues can influence peptide hydrolysis rates (Pantoja et al. 1997 , Pantoja & Lee 1999 , Liu et al. 2010 . Only a handful of studies, all from temperate coastal environments, have used methylcoumarin (MCA)-type fluorogenic substrate analogs to report activities of peptidases other than leucyl aminopeptidase (Obayashi & Suzuki 2005 , 2008a ,b, Bong et al. 2009 , Obayashi et al. 2010 ; these studies demonstrated considerable differences in hydrolysis rates for different classes of peptidases. Possible differences in hydrolysis rates of different classes of peptidases in high-latitude waters, to the best of our knowledge, had not previously been investigated.
MATERIALS AND METHODS
Surface (0.5 m) and bottom water (200 m) were collected by Niskin bottle at Smeerenburgfjord, Svalbard, Stn J (79°42.808' N, 11°05.200' E; total water depth: 212 m) on 5 September 2010. Smeerenburgfjord is influenced by water from the West Spitzbergen Current (Aagaard et al. 1987) and by meltwater from the glaciers that surround it, but oceanographic conditions there have not been studied in detail. Surface and bottom water temperatures and salinity were 2.8°C and 32, and 1°C and 33, respectively, as measured by hand-held thermometer and refrac tometer. Water samples were stored at in situ temperature in polycarbonate cubitainers under daylight (surface water) or in the dark (bottom water) for the transit (ca. 24 h) to the shore-based laboratory in Ny Ålesund, Svalbard, by pla cing the samples in large coolers filled with water from the relevant depth. Previous work indicated that enzyme activities are stable during this interval , Baltar et al. 2013 ). All further work was performed in a temperature-controlled chamber at 4°C.
Cells were counted by microscopy after DAPI staining (Porter & Feig 1980) . Leucine incorporation was measured using ) and the microcentrifuge tube method (Kirchman 1993) . 3 H-leucine was added to a final concentration of 10 nM in triplicate samples plus 1 killed control (5% trichloroacetic acid) and incubated for approximately 1 h. Rates measured using 20 nM 3 H-leucine were not detectably higher than the rates using 10 nM leucine, indicating that 10 nM leucine was saturating.
Enzyme activities were measured using the methylumbelliferyl (MUF)-or MCA-linked substrates listed in Table 1 . Fluorogenic substrates were dissolved in a solution of 50% artificial seawater (pH 8.2, salinity 35) and 50% dimethylsulfoxide for a stock concentration of 10 mM. Each substrate was added to triplicate 3.5 ml seawater samples for a final substrate concentration of 100 µM. Killed controls consisted of seawater that was autoclaved prior to substrate addition. Timepoints were taken immediately after addition of the substrate and then after approximately 3 and 15 h. Hydrolysis rates were calculated using precise incubation times. At each timepoint, a 1 ml seawater sample was removed and mixed in a 4 ml cuvette with 1 ml sodium borate buffer (10 mM, pH 10). Fluorescence was measured immediately using a Turner Biosystems TBS-380 solid-state fluorimeter using the 'UV' channel (excitation: 365 nm; emission: 440 to 470 nm). Instrument drift was monitored using a Turner Biosystems fluorescent solid standard, but because the variation in solid standard was small and no systematic drift was observed, the raw data were not normalized by the fluorescence of the solid stan-94 Enzyme Substrate Sigma-Aldrich product no.
Boc-phe-ser-arg-7-amido-4-MCA B6388 Trypsin (2) Boc-gln-ala-arg-7-amido-4-MCA B4153 Table 1 . Enzymes and substrates used in the present study. MCA: methyl-coumarin; MUF: methylumbelliferyl; Boc: tert-Butyloxycarbonyl dard. In a separate experiment, performed 3 d after initial water collection, saturation curves were measured for each substrate in surface water. Values of the Michaelis constant K m were determined using nonlinear least-squares fitting implemented using the R statistical package (R Development Core Team 2012). Based on variation in slopes among killed controls and the slope of the respective calibration curves for MUF and MCA, the limit of detection for carbohydrate hydrolases was estimated to be 0.05 nM l −1 h −1 for carbohydrate hydrolases and 2.6 nM l −1 h −1 for peptidases (although the limits of quantification were higher because much of the variation among replicates was apparently due to biological variation rather than analytical error).
Enzymes are defined by the reactions they catalyze. Fluorogenic substrates are designed to measure the activity of individual enzyme classes with minimal interference from non-targeted enzymes. However, due to the broad and variable specificity of peptidases (Dixon & Webb 1979 ) and the complex mixture of enzymes active in seawater (Arrieta & Herndl 2002) , the hydrolysis of any substrate represents the action of the target enzyme plus possible contributions from an unquantified number of other enzyme classes. With these caveats in mind, for simplicity, we refer to the hydrolysis rates of the fluorogenic substrates as measurements of the activity of the enzymes listed in Table 1 .
RESULTS AND DISCUSSION
The rate of substrate hydrolysis over time was approximately constant during the ~16 h incubations (with the exception of 1 replicate of α-galactosidase in bottom water), indicating that the relatively long incubations used here were an appropriate way to optimize detection limits of enzyme activities (Fig. 1) . Peptidase potential activities were considerably higher than carbohydrate hydrolase potential activities, which were below detection limits in all but 1 case (Fig. 2) . All detectable activities were higher in surface water than in bottom water. Among the carbohydrate hydrolase activities, only β-glucosidase in surface water was significantly greater than zero (Student's t-test, Bonferroni-Holm-adjusted p < 0.05, n = 3 per substrate and site). All peptidase substrates were detectably hydrolyzed in surface and bottom water, with the exception of chymotrypsin(1) (alaala-phe-MCA) in bottom water (Fig. 2b) . Both bulk and cell-specific leucine incorporation were higher in surface water than in bottom water (Table 2) .
95
Surface Bottom Hydrolysis rates for MUF-β-glucose in surface waters (1.8 nmol l −1 h −1 ) were within the range (~1 to 9 nmol monomer l −1 h −1 ) reported by Arnosti (2008) and Teske et al. (2011) for hydrolysis of a series of polysaccharides and plankton substrates in surface as well as bottom waters of Smeerenburgfjord. In those previous investigations, however, 3 of the 10 poly saccharide/plankton substrates re mained unhydrolyzed in surface and bottom water samples, even after extended incubation. In the present study, 2 of the 3 carbohydrate-containing substrates were not hydrolyzed in surface waters, and none were hydrolyzed in bottom waters, over the ~16 h incubation period, demonstrating comparatively low bio availability of some types of carbohydratecontaining compounds in situ as well as during long-term incubations.
Only K m values for leucyl aminopeptidase (139 ± 70 µM), chymotrypsin(2) (176 ± 70 µM), and trypsin(2) (50 ± 22 µM) could be determined from nonlinear least-squares fitting (p < 0.05; Fig. 3 ). These values indicate that the chosen value of 100 µM for V max (maximum hydrolysis rate) measurements was less than saturating. When potential activity v is measured at a less-than-saturating substrate concentration [s], V max can be calculated as:
Since [s] was 100 µM, activities measured here underestimate V max by factors of 1.5 to 2.8.
The K m values reported here are considerably higher than the 16 µM reported for trypsin-like peptidases reported by Obayashi & Suzuki (2005) , which were measured using boc-phe-ser-arg-MCA (trypsin(1) in the present study; our Table 1 ) at 25°C. The differences in K m are consistent with psychrophily, in that psychrophilic enzymes often (but not always) exhibit higher K m values than mesophilic enzymes due to weak binding at the active site that results from the increased structural flexibility common in psychro philic enzymes (Feller & Gerday 2003) . Higher K m values have been reported elsewhere in cold seawater samples: K m values for leucyl aminopeptidase were reported as ~100 µM in the Arctic Ocean at −1°C (Huston & Deming 2002) and 130 µM in the Beaufort Sea at −1°C (Kellogg et al. 2011 ). Higher K m values for peptidases in cold water may be the reason that heterotrophic bacteria require higher substrate concentrations at colder temperatures (Pomeroy & Wiebe 2001) .
Among peptidases, substrate preferences were evident. Chymotrypsin activity was higher when measured by N-succinyl-ala-ala-pro-phe-MCA (chymotrypsin(2)) than ala-ala-phe-MCA (chymo tryp sin (1) Bulk bacterial production 78.9 ± 3.0 7.34 ± 0.33 Cell-specific bacterial production 0.14 0.043 α-galactosidase ns ns β-glucosidase 3.15 ± 0.05 ns Chitobiase ns ns Leucyl aminopeptidase 490 ± 8.9 289 ± 0.9 Chymotrypsin (1) 12.2 ± 1.6 ns Chymotrypsin (2) 64.0 ± 4.5 87 ± 0.6 Trypsin (1) 91.9 ± 1.2 137 ± 8.1 Trypsin (2) 104 ± 4.3 230 ± 2.1 Table 2 . Microbial cell counts (l Fig. 2 . Activities of (a) carbohydrate hydrolases and (b) peptide hydrolases. Error bars represent SD of 3 replicates. Note that the 2 panels have differently scaled axes and trypsin activity was higher when mea sured by boc-gln-ala-arg-MCA (tryp sin(2)) than by boc-pheser-arg-MCA (tryp sin(1); Fig. 2b) . Regardless of the specific substrate, trypsin activity was higher than chymotrypsin activity, and detected activities were higher in surface water than in bottom water (Fig. 2b) . In all cases, leucyl aminopeptidase activities were considerably greater than trypsin or chymotrypsin activities (Table 2) .
With few exceptions, studies investigating peptidase in seawater report only leucyl aminopeptidase activities. Obayashi & Suzuki (2005) , however, ex plicitly compared the activities of endo-and exo-acting peptidases in coastal southern Japanese waters, testing activities with 16 different MCA-labeled substrates. They found that trypsin and chymotrypsin activities were greater by a factor of 2 to 8 than aminopeptidases in all of their samples (with the exception of the 2 smallest trypsin substrates, which showed activity comparable to that of aminopeptidases). Subsequent work at the same location and in coastal California (Obayashi & Suzuki 2008a , Bong et al. 2009 , Obayashi et al. 2010 ) also showed consistently higher trypsin and chymotrypsin than leucyl aminopeptidase activities in unfiltered, freshly sampled seawater. That pattern contrasts strongly with the high leucyl aminopeptidase relative to trypsin and chymotrypsin activity observed here. The facts that potential activities were measured at somewhat below saturating values, and that K m values varied somewhat among the peptidases for which K m was measurable, do not influence the conclusion that potential leucyl aminopeptidase activities were high relative to potential activities of trypsin and chymo trypsin (Table 3) .
V max of leu-MCA hydrolysis has sometimes been used in models as the maximum total rate of protein hydrolysis (Hoppe et al. 2002 , Kellogg et al. 2011 Obayashi & Suzuki (2005) b Data read from plots in Obayashi & Suzuki (2008b) c Present study Table 3 . Activities and activity ratios of peptidases in coastal Japan and Smeerenburgfjord, measured using the same substrates (see Table 1 ). Enzyme activities are in units of nmol l −1 h −1
; activity ratios are dimensionless. Values in parentheses are ratios of V max calculated from observed v and measured K m as described in the 'Discussion' used implicitly or explicitly as a representative proxy for the total pool of proteolytic enzymes (e.g. Hoppe et al. 1988 , Smith et al. 1992 , Zaccone et al. 2012 . Similarly, ratios of β-glucosidase:leucyl aminopeptidase activities, based on hydrolysis of MUF-β-glu and leu-MCA, have been used as indicators of the relative preference of microbial communities for carbon-rich versus nitrogen-rich substrates (e.g. Christian & Karl 1995 , Sinsabaugh et al. 2009 ). The results presented here, combined with peptidase studies using fluorogenic substrates in coastal, temperate environments (Obayashi & Suzuki 2005 , 2008a ,b, Bong et al. 2009 , Obayashi et al. 2010 ) and studies using a suite of oligopeptides (Pantoja & Lee 1999 , Liu et al. 2010 , demonstrate that pelagic communities can express distinct patterns of extracellular peptidases, and that leucyl aminopeptidase contri butes a variable amount to total peptidolytic potential. The range in aminopeptidase:endopeptidase activity ratios -i.e. the ratio observed in the present study divided by the ratio observed by Obayashi & Suzuki (2005 , 2008a , Bong et al. (2009) and Obayashi et al. (2010) -varies between 8.3 and 41, or 0.9 to 1.6 orders of magnitude, depending on which sites and specific substrates are compared. Observed leucyl aminopeptidase:β-glucosidase activity ratios in seawater range over 4 orders of magnitude, from 0.13 at the equator to >1000 near the poles (Christian & Karl 1995 , Huston & Deming 2002 . At the global scale, therefore, the variable contribution of leucyl aminopeptidase to total peptidase activity may not be the most important factor determining the ratios of aminopeptidase to other enzymes. In an individual sample, however, assays of leucyl aminopeptidase may capture most peptidolytic potential activity (as in Smeerenburgfjord at the time of sampling) or may miss the vast majority of it (as in Obayashi & Suzuki 2005 , 2008a ,b, Obayashi et al. 2010 . Further investigation of the range of peptidases active in diverse marine environments will provide greater insight into the types of enzymes that microbial communities use to access protein in seawater, and why some dominate over others in specific settings or under specific conditions. 
